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CHARACTERIZING DOUBLE-BACK STUTTER IN LOW TO MULTI-COPY 
NUMBER REGIMES IN FORENSICALLY RELEVANT STR LOCI 
 
JENNIFER LEE SHEEHAN 
ABSTRACT 
Modern DNA analysis is possible due to the discovery of repeating microsatellite 
regions in DNA and successful implementation of the polymerase chain reaction (PCR) 
in laboratories.  PCR amplification chemistries that contain short tandem repeat (STR) 
loci are sensitive.  As a result, the discrimination power within human identification 
sciences has increased in recent years.  Despite these advances, cellular admixtures are 
commonly collected, and the resultant “DNA mixture profile” is difficult to interpret as it 
is often encumbered by low-signals and allele drop-out.  Regularly detected PCR artifacts 
can further complicate interpretation.   
One commonly encountered artifact is stutter, the result of strand slippage during 
PCR.  Stutter can be of two types:  forward and reverse.  Reverse stutter (or back stutter) 
is the most prevalent and is one repeat unit shorter (n - 1) than the template strand.  In 
contrast, forward stutter is one repeat unit longer (n + 1).  If a reverse stutter amplicon is 
produced there is the distinct possibility that a stutter product of stutter may occur.  This 
artifact is usually referred to as double-back stutter (DBS) or n - 2 stutter.  Recently there 
has been renewed interest in examining signal approaching baseline levels.  As the 
sensitivity of the process improves, so does the probability of detecting DBS.  Therefore, 
vi 
studies that examine the peak height distributions, rarity, stutter signal-to-noise distances 
and the general impact of DBS on the signal are warranted.   
 Models simulating PCR, and the entire forensic DNA process, have been created 
by this laboratory.  The work presented herein builds upon a preexisting model; 
specifically, the dynamic model was extended such that DNA profiles consisting of 21 
autosomal STRs, consistent with the GlobalFiler
TM
 multiplex, are simulated.  
Furthermore, this expansion incorporated a three-type Galton-Watson branching process 
allowing DBS to be added to the simulated electropherogram (EPG).   
The in silico model was used to simulate the amplification of a 1:43 and 1:73 
mixture at a total DNA concentration of 0.3 and 0.5 ng, respectively.  We chose these 
extreme mixture ratios because the signal from these minor contributors would be most 
susceptible to DBS effects from the major contributor.  A total of 1200 alleles from each 
contributor were simulated at each target, and effects of DBS on the signal from the 
minor contributor were characterized.  At 0.3 and 0.5 ng both the noise and stutter signal 
histograms are right-skewed and a Kolmogorov-Smirnov (KS) test indicates that the 
noise and DBS were significantly different (p-value < 4x10
-6
).  The average peak height 
of DBS for all loci in both scenarios were less than 50 RFU (Relative Fluorescence 
Units), and the DBS ratios ranged from 0.29 to 2.15% of the main allele, with the median 
ratios less than 0.5%.  A per locus analytical threshold (AT) was calculated for both the 
0.3 and 0.5 ng targets using two k-values: 3 and 4.  The k-value is chosen based on the 
Type I risk assessment, wherein increasing the k-value increases AT.  The percentage of 
DBS peaks greater than AT when k = 3 for the mixtures amplified at 0.3 and 0.5 ng 
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ranged from 0 to 7.08% and 0 to 10.50%, respectively.  Interestingly, when k = 4 the 
percentage of DBS peaks greater than AT for 0.3 and 0.5 ng reduced to 0 to 1.08% and 0 
to 0.17%, respectively.  This suggests that modeling DBS in continuous systems may not 
be necessary if the laboratory continues to rely on a system that requires an AT of 
sufficient strength.  However, with the advent of Bayesian or machine learning-based 
approaches to analyzing EPGs, thus removing AT in its entirety, a complete 
understanding of the prevalence of DBS is necessary.  This work shows that DBS from 
an extreme major using our laboratory protocols is not likely to be in the same signal 
regime as the signal from alleles; however, it does show that signal from DBS is 
significantly different from noise.  Therefore, the software expert pair should be carefully 
considered during the validation stage and laboratories should consider DBS during 
interpretation, especially if enhanced post-PCR parameters are implemented into the 
forensic laboratory process.   
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1. Introduction 
1.1 Forensic DNA Analysis 
Forensic scientists collect, preserve, and examine evidence believed to be 
associated with a crime.  One forensic science goal is to provide linkages through the 
examination of this evidence, a task often accomplished through forensic DNA analysis 
(1).  DNA, or Deoxyribonucleic acid, is the biochemical material that serves as a 
blueprint for a person’s growth and development and is found within most biological 
fluids and materials, such as blood and saliva (1).  Since Alec Jeffreys first described 
DNA typing in 1985 (2), DNA analysis has undergone vast technological advances.  
Nevertheless, the underlying principles remain the same; every individual, apart from 
identical twins, has a unique genome.  Each individual receives half of their genome from 
their mother and half from their father, with one allele from each parent at each location, 
or locus.  There are specific regions of DNA containing repeating sequences known as 
variable number of tandem repeats.  The length of these sequences can vary from person 
to person, thus allowing forensic DNA analysts to distinguish individuals (2-4).   
Modern forensic DNA analysis utilizes short-tandem repeats, STRs, which are 
smaller versions of the repeating units studied by Jeffreys (1).  STRs make up about 3% 
of the human genome (5) and are thus readily accessible for human identity purposes.    
In general the length of the repeated unit is 2 to 5 base pairs (1, 6).  Tetra-nucleotide 
repeats are the most common STRs used in forensic DNA analysis (6).   
The five general steps involved in DNA analysis are presented in Figure 1 (1).  
The first step involves extracting DNA from a sample through the use of digestion, 
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chelating resin or adsorption/desorption chemistries (1, 7, 8).  The amount of DNA 
present in the sample is then quantified using real time PCR (qPCR) and the resulting 
concentration is used to target 0.5 to 1 ng of DNA for amplification (9-13).  If needed, the 
concentration is adjusted by diluting or concentrating the DNA extract.  Multiple loci are 
simultaneously amplified by way of the polymerase chain reaction (PCR), which creates 
multiple fluorescently labeled copies (14) of the loci.  The number of loci that are co-
amplified depends upon the PCR amplification kit, wherein most commercially available 
kits amplify between 10 – 30 forensically relevant STRs (15-22).   
 
Figure 1.  Five general steps involved in forensic DNA analysis.   
  
PCR was first described by Mullis (23), and occurs by stepping through two to 
three distinct temperature phases, often using a thermocycler.  The first phase, 
denaturation, or the separation of double stranded into single stranded DNA, generally 
occurs between 92 ºC to 95 ºC.  Annealing, a process in which primers bind to the target 
DNA sequences, generally occurs between 50 ºC to 70 ºC, and follows denaturation.  
Lastly, primer extension or elongation, is the step where Taq polymerase synthesizes 
DNA and it typically occurs at temperatures between 70 ºC to 75 ºC.  This three-step 
cycle may be repeated 25 to 35 times, depending on laboratory protocols (16, 17, 20, 22, 
24-27).  The PCR process leads to a doubling of DNA target numbers per PCR cycle (1).   
Extraction Quantification Amplification 
Separation/ 
Detection 
Analysis/ 
Interpretation 
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Capillary electrophoresis (CE) is utilized to detect and separate the amplified 
products using a laser detector and information from the fluorescently labeled primers; 
that is, the instrument will measure the time it takes DNA fragments to traverse a 
specified capillary distance (e.g. 36 cm) and the intensity of fluorescence (1, 28), which is 
representative of the concentration of DNA (8, 29).  Peak detection software then 
approximates the size, in base-pairs (bp), of the DNA fragment that generates the signal 
and an allelic ladder correlates the allele designation (number of repeats) to the size of the 
fragment (1, 30).  An electropherogram (EPG) is the final product, and is utilized during 
interpretation.  
In the analysis and interpretation step an analyst, or expert, examines the data in 
the EPG and determines if the peaks are allelic or non-allelic, the likely number of 
contributors that compromise the signal and the genotypes associated with each 
contributor.  Following the interpretation of evidentiary samples, DNA profiles are 
compared to known samples, and inclusions are supported by statistical weight.  The 
testing of trace and low-template DNA samples has become more common due to the 
improved sensitivity of forensic DNA typing methods.  As a result, DNA samples from 
mixed sources are regularly processed.  These mixture profiles contain signal that is 
confounded by low signal-to-noise resolution, allele drop-out and allele stacking.   
Due to the inherent difficulty in mixture interpretation, especially when a 
contributor is present at low levels, laboratories are turning to probabilistic genotyping 
software that utilize semi-continuous and continuous models.  Semi-continuous models 
do not take peak heights into consideration, while continuous models utilize peak height 
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and stutter intensities (31).  The Scientific Working Group on DNA Analysis Methods 
(SWGDAM) emphasizes that laboratories should be aware of how the software works, 
the modeling choices and limitations of the software and this information should guide 
the validation studies performed (32).   
 1.2 Interpretation Complications 
There is inherent variation associated with the PCR process that can complicate 
interpretation.  Sources of variation include those associated with amplification, artifact 
synthesis and sampling effects (29, 33-35).  If there is DNA from many, usually unknown 
numbers of contributors, the stochastic variation compounds and results in complex 
mixture profiles that are difficult to interpret.  PCR efficiency affects the number of DNA 
copies created at every cycle, n, per: 
𝐶𝑛 =  𝐶0(1 + 𝐸)
𝑛     (1) 
where Cn is the concentration of DNA after cycle n, C0 is the original concentration of 
DNA, and E is the efficiency of the reaction.  PCR efficiency is not necessarily 1 (i.e. 
100%); rather, it can be any value between 1 and 0 (34).  Further, efficiency is known to 
decrease with cycle number (6).  This is due to the depletion of nucleotides and primers, 
an increase in the amount of DNA amplicons, and the decreasing efficiency of Taq 
polymerase. 
We reserve the term artifacts to represent well characterized or reproducible peaks 
that occur due to anomalous amplification events or detection processes (1, 6).  Stutter is 
a known artifact of STR amplification, and is hypothesized to be the result of strand 
slippage during DNA synthesis (36-38).  This slippage results in a synthesized product 
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that is one STR repeat unit less than the allele.  These stutter artifacts are usually referred 
to as reverse stutter or n – 1 stutter.  Products one repeat longer than the allele (also 
known as forward stutter or n + 1 stutter), and two repeats less than the true allele (also 
known as double back stutter or n – 2 stutter) have also been observed (39-41).  Both 
forward and reverse stutter are well studied and characterized (36, 39, 40, 42-46).  
Double back stutter (DBS), however, is a relatively rare event, so the available research is 
limited (41, 46, 47).   
The amount of template DNA and the laboratory protocols influence the amount 
of stutter produced.  The amount of stutter produced can be determined by examining 
EPGs from known sources and evaluating the stutter ratio (SR) as per, 
𝑆𝑅 =  𝐻𝑆 𝐻𝑎⁄      (2) 
where 𝐻𝑆 and 𝐻𝑎 are the peak heights of the signal that fall in stutter and allele positions, 
respectively.  When there are sufficient copies of target molecules, reverse stutter ratios 
are generally less than 15% (48).  Thus, if the EPG originates from the amplification and 
detection of a sufficient number of alleles from one person, then a stutter filter will result 
in signal that is of biological origin.     
If stutter is created early in the PCR process in high template samples, its 
presence is overshadowed by the amount of template DNA.  However, when the starting 
amount of DNA is low, a stutter event occurring within the first few PCR cycles can lead 
to a situation where equal amounts of stutter and template DNA are synthesized (34, 49, 
50).  In some rare instances stutter production may exceed allele production.  
Consequently, the variation in SR increases for low template samples (39, 51).  Reverse 
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stutter is inherently in the low-copy range at the start of amplification, thus stutter of 
stutter (i.e., DBS) will unavoidably be prone to the same stochastic effects.   
Due to these stochastic effects, operational laboratories commonly study reverse 
stutter during validation, but few discuss the presence of DBS.  One example of a DBS 
analysis indicated that the DBS ratios ranged from 0 to 5.26% with the majority around 
1% (52).  Another study does not give specific ratios but mentions that DBS is 
“sporadically observed across all loci” and that peaks in N-2 position with a SR less than 
0.5% are considered non-allelic (53).  Interestingly, the DBS ratios were calculated by 
comparing the height of the DBS peak to the allele peak; however a study using a 
different amplification kit mentions the use of a 50% double back stutter to reverse stutter 
ratio filter, and that no conclusions could be drawn about the characteristics of double-
back stutter due to a lack of data (47).   
 Background signal from noise confounds the signal obtained from allele or stutter 
and can be the result of non-specific amplification or other instrument and detection 
disturbances (1, 54).  Typically, forensic laboratories will conduct studies to establish the 
signal threshold at which allele signal can be delineated from noise.  In forensic DNA 
applications, this signal threshold is known as the analytical threshold.  Any peaks 
observed below this threshold are considered indistinguishable from noise, and not 
typically interpreted (48, 55-58).  Though the application of an AT is intended to filter 
noise peaks from consideration, it has the added characteristic of filtering minor or rare 
artifacts and low-level contributors.  There have been studies which discuss the different 
methods by which to determine this threshold (59-61) and the complicating factors 
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associated with them (62).  Specifically, Monich et al. (54) discuss a study that suggested 
the background of EPG’s are well-described using a log-normal or gamma distribution 
class.  The authors evaluated the effects of noise when signal in the DBS position was 
removed from the noise category and found that, depending on laboratory conditions, 
DBS can significantly affect the resultant signal threshold.  This indicates two 
phenomena; 1) that DBS, an artifact, is being classified as noise during validation, 
thereby impacting noise distribution and, thus, the AT; and 2) that models for DBS in 
probabilistic genotyping are warranted if the operational AT is set at levels that increase 
detection rates of these artifacts.   
In any case, understanding the behavior of DBS becomes paramount if a thorough 
understanding of the full EPG is desired.  Taylor et al. (14) have recently discussed the 
software-expert pair (SEP) paradigm to reinforce the idea initially presented by Gill and 
Haned (63).  The central premise is that the output of software systems should be 
evaluated by an expert, and that expert must understand the intricacies associated with the 
system.  This highlights the necessity associated with understanding the signal obtained, 
the probabilistic system in use and the capabilities of said software (14, 63).  Many 
probabilistic software programs are available (53) and each have specific model choices 
associated with them.  Presently most software systems model reverse stutter and some 
even model forward stutter (14, 40, 45).  But, in many instances DBS is not explicitly 
modeled; though many do model drop-in or noise (14, 39, 45, 53, 58).   
Effects of large DBS peaks have not been comprehensively studied.  This work 
aims to fill this gap. First, we expand the model described in (29) and simulate EPGs for 
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21 forensically relevant autosomal STRs consistent with the Applied Biosystems
TM
 
GlobalFiler
TM
 PCR amplification kit.  Furthermore, we extend the PCR portion of the 
model described in (29) to include a third Galton-Watson branch allowing for the 
simulation and detection of double back stutter.  We use the extended model to evaluate 
two forensically pertinent issues: i) we determine if signal originating from DBS products 
are significantly different from baseline signal; and ii) we explore the effects, if any, of 
double-back stutter on the interpretation of a mixture with a low-template minor and a 
high template major.   
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2. Materials and Methods 
2.1 Generation of Experimental Data 
2.1.1 Sample Generation 
 Samples utilized in this study were previously collected and prepared according to 
Institutional Review Board (IRB) protocols.  A total of three hundred and thirty-seven 
single source non-degraded samples of known genotype were amplified with the 
following target masses: 0.0078, 0.0156, 0.0313, 0.0625, 0.125, 0.25 and 0.5 ng, using 29 
cycles and the Applied Biosystems
TM
 GlobalFiler
TM
 PCR primer set (Applied 
Biosystems
®
, Foster City, CA), which is a 6-dye multiplex STR assay containing the 
twenty-one autosomal STR loci listed in Table 1 (27).  The kit also contains a sex-
determining marker, Amelogenin, a Y-STR marker, DYS391, and a Y chromosome 
insertion/deletion marker, Y-indel.  The PCR fragments were separated on an ABI 3500 
Series Genetic Analyzer (Applied Biosystems
®
, Foster City, CA) using a 1.2 kilovolt 
(kV) injection for 25 seconds (s).    
2.1.2 Data Filtering 
 Electropherograms (EPGs) were previously analyzed in GeneMapper
®
 ID-X v 1.2 
(Applied Biosystems
®
, Foster City, CA) (64) at 1 RFU.  The data was filtered removing 
the following artifacts: disassociated dye, pull-up, complex pull-up, and minus A.  
Disassociated dye, the result of fluorescent dye molecules separating from their 
associated PCR primer during primer synthesis, was characterized as a wide plateau-like 
peak present in the same location in the same dye channel across multiple samples (65).  
Pull-up and complex pull-up are the result of one dye color bleeding from one spectral 
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channel into another due to the inability of the CE to distinguish between spectral 
channels with large peak heights (1, 8, 15, 66).  Peaks were characterized as pull-up and 
removed if the peak of interest fell within ±0.3 base pair (bp) of an allele peak in a 
different dye channel and had a peak height ratio of 5% or less (65).  A peak located 
between two adjacent allele peaks in an adjacent dye channel with a plateau-like shape 
was characterized as complex pull-up (65).  A peak was categorized as minus A, if the 
peak in question was one bp (±0.3) shorter than the known allele peak (65).  Genotype 
tables were exported as .csv files containing the allele, size in bp, and peak height in 
relative fluorescence units (RFU) for all remaining peaks.  This data was used to 
parameterize the model described in Section 2.2 and for comparison to simulated data.   
2.2 Generation of a Simulation Model 
An in silico model that simulates the entire laboratory process for forensic DNA 
analysis, termed SEEIt for Simulating Evidentiary Electropherograms was previously 
developed for use with the AmpFlSTR® Identifiler Plus® Amplification Kit and is fully 
described in (27).  In this work, the model was expanded to include the 21 autosomal 
STRs amplified by the Applied Biosystems
TM
 GlobalFiler
TM
 PCR Amplification Kit 
depicted in Table 1.  The three gender markers (Amelogenin, DYS391, and Y-indel) were 
not considered.  The model is comprised of three parts or modules, which are briefly 
described in Sections 2.2.1 – 2.2.3.   
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Table 1.  List of loci and alleles used in SEEIt. 
Dye Locus Alleles 
6-FAM™ 
(Blue) 
D3S1358 8, 9, 10, 11, 12, 13, 14, 15, 15.2, 16, 17, 18, 19, 20, 21 
vWA 10, 11, 12, 13, 14, 15, 16, 17, 17.3, 18, 19, 20, 21, 22, 23, 24, 25 
D16S539 4, 5, 6, 8, 9, 10, 11, 12, 13, 14, 15, 16 
CSF1PO 5, 6, 7, 8, 9, 10, 11, 11.1, 12, 13, 14, 15, 16 
TPOX 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 
VIC™ 
(Green) 
Y-indel Not included in model 
Amelogenin Not included in model 
D8S1179 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 
D21S11 
23.2, 24, 24.2, 25, 26, 27, 28, 28.2, 29, 29.2, 29.3, 30, 30.2, 31, 31.2, 31.3, 
32, 32.2, 33, 33.2, 34, 34.2, 35, 35.2, 36, 37, 38, 39 
D18S51 
6, 7, 9, 10, 10.2, 11, 12, 13, 13.2, 14, 14.2, 15, 15.2, 16, 17, 18, 19, 20, 
20.2, 21, 22, 23, 24, 25, 26, 27, 28 
DYS391 Not included in model 
NED™ 
(Yellow) 
D2S441 8, 9, 9.1, 10, 11, 11.3, 12, 12.3, 13, 14, 15, 16, 17 
D19S433 
5.2, 6, 7, 8, 9, 10, 10.2, 11, 11.2, 12, 12.1, 12.2, 13, 13.2, 14, 14.2, 15, 
15.2, 16, 16.2, 17, 17.2, 18, 18.2, 19.2 
TH01 3, 4, 5, 6, 6.1, 7, 8, 9, 9.3, 10, 11, 13.3 
FGA 
12.2, 13, 14, 15, 16, 16.1, 17, 18, 18.2, 19, 19.2, 20, 20.2, 21, 21.2, 22, 
22.2, 23, 23.2, 23.3, 24, 24.2, 25, 26, 26.2, 27, 28, 29, 30, 30.2, 31.2, 32.2, 
33.2, 34.2, 42.2, 43.2, 44.2, 45.2, 46.2, 47.2, 48.2, 50.2, 51.2 
TAZ™ 
(Red) 
D22S1045 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 
D5S818 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 
D13S317 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17 
D7S820 5, 6, 7, 8, 9, 9.1, 10, 10.3, 11, 11.3, 12, 13, 13.1, 14, 15, 16 
SE33 
4.2, 5.2, 6.3, 8, 9, 11, 11.2, 12, 12.1, 12.2, 13, 13.2, 14, 14.2, 14.3, 15, 
15.2, 16, 16.2, 16.3, 17, 17.2, 17.3, 18, 18.2, 19, 19.2, 19.3, 20, 20.2, 21, 
21.2, 22, 22.2, 23, 23.2, 23.3, 24, 24.2, 25.2, 26, 26.2, 27.2, 27.3, 28.2, 
29.2, 30.2, 31, 31.2, 32, 32.2, 33, 33.2, 34, 34.2, 35, 35.2, 36, 37, 38 
SID™ 
(Purple) 
D10S1248 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 
D1S1656 
8, 9, 10, 11, 12, 13, 14, 14.3, 15, 15.3, 16, 16.1, 16.3, 17, 17.1, 17.3, 18, 
18.3, 19, 19.3, 20, 20.3, 21 
D12S391 
13, 14, 15, 15.1, 16, 16.1, 17, 17.1, 17.3, 18, 18.3, 19, 19.1, 19.3, 20, 20.3, 
21, 21.3, 22, 23, 24, 25, 26, 27 
D2S1338 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29 
  
2.2.1 Module 1: Pre-PCR 
 Module 1 simulates the liquid handling steps associated with amplification set-up 
(1).  That is, once DNA is extracted from the cells, the concentration of DNA is 
determined using real-time PCR, or qPCR (10-12, 67).  The concentration of DNA, µ𝐷𝑁𝐴, 
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is converted into the total number of copies, T, for each allele, a, assuming 0.0063 ng/cell 
(68) as per, 
𝑇 =  µ𝐷𝑁𝐴𝑉𝑡𝑜𝑡 0.0063⁄ ,    (3) 
where 𝑉𝑡𝑜𝑡 is the total volume of extract (29).  The dilution series present in this module 
can perform up to three serial dilutions, in which sampling and pipette variance and bias 
are also modeled.  The parameters of Module 1 were kept constant for the duration of this 
work (Table 2).   
Table 2.  Parameters that were held constant for each simulation.   
Module Parameter Value 
1 Extract Volume, 𝑉𝑡𝑜𝑡 (µL) 50 
1 Percent relative standard deviation of DNA concentration 0% 
1 Number of serial dilutions 0 
2 PCR cycle number, 𝑁𝑃𝐶𝑅 29 
2 Initial PCR Efficiency, 𝐸0 0.96 
3 Volume of CE aliquot (µL) 1 
3 Allele frequencies Ref (27) 
3 CE Sensitivity, 𝛼 (RFU/amplicon) Table 4 
 
2.2.2 Module 2: PCR 
Following quantification and PCR set-up, the next step is STR amplification (1).  
This is represented in Module 2, which simulates STR amplification for each locus listed 
in Table 1, for a total number of PCR cycles, 𝑁𝑃𝐶𝑅.  As described in (29), and similar to 
the PCR module in (34), the expanded version of SEEIt utilizes a multi-step Galton-
Watson branching process (69) based on a binomial distribution to simulate stochastic 
effects, with an additional Galton-Watson branching step to simulate the production of 
stutter from stutter as shown in Figure 2.   
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Figure 2.  Causal loop diagram of the PCR module showing the different variables in the system and 
the ways in which they are related.  As the total number of allele, stutter 1 (n-1), stutter 2 (n-2) and 
stutter 3 (n-3) amplicons grow, the amplification efficiency, E, decreases, thereby reducing the 
number of amplicons successfully amplified.  Adapted from (29).   
 
The pre-PCR copy number (top gray box in Figure 2) is carried over from Module 
1 and flows into the different variables in the loop.  The boxes with black borders 
indicate where the number of amplicons, true and stutter, created per cycle are summed.  
Positive feedback loops, those which lead to an increase in both variables, are designated 
with (+) at the arrow head, and negative feedback loops, those which lead to a decrease in 
one variable, are designated with (-) at the arrow head.  Once an allele is amplified it can 
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either flow into Allele Amplicons, or it can be affected by stutter slippage and flow into 
Total Stutter1, and so on.  After the last cycle of PCR (𝑁𝑃𝐶𝑅) all amplicons in the 
variables with black borders (Allele Amplicons, Total Stutter1, and Total Stutter2) are 
exported to Module 3.   
  This process assumes there is a high probability that an allele will be replicated at 
a PCR efficiency, E, (i.e. 0.96).  If the amplification is successful, there is a chance that 
the amplicon will be one STR unit (n – 1) shorter than the biological allele.  This is 
designated as Stutter 1 in Figure 2.  The second and third Galton-Watson branches are 
added to simulate double-back stutter (n – 2) and triple-back stutter (n – 3) formation.  
PCR efficiency, E, is dependent on the number of amplicons, true plus all stutter 
products, and it decreases as the number of amplicons increases as described in (29).  The 
total number of PCR cycles, 𝑁𝑃𝐶𝑅, can be set by the user.  An 𝑁𝑃𝐶𝑅 of 29 was used for 
this work and is the cycle number used in the production of experimental data.   
The stutter slippage success rate, π, was estimated for each locus.  Various π 
values were entered in SEEIt.  The resulting stutter ratios (SR) and their average were 
calculated and compared to the average stutter percent reported in (27).  The π value that 
gave an average SR closest to the manufacturer data was chosen.  The π values utilized 
throughout the course of this work are listed in Table 3 and range from 0.002 to 0.007, 
with most of the rates falling somewhere within the 0.002 and 0.005 estimated by Gill 
(34) and Weusten (51), respectively.  The simulated average stutter ratios listed in Table 
3 are similar to the experimental average stutter ratios observed in other validation 
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studies (22, 26).  SE33 and D22S1045 resulted in the highest average stutter ratios at 
9.6% and 9.7%, respectively.  This trend was also observed by Martin (22).   
Table 3.  Stutter Slippage Success Rate (π) for each locus in Table 1. 
Locus Dye 
Estimated Average 
Stutter Ratio, (27) 
Simulated Average 
Stutter Ratio, SR 
Stutter Slippage 
Success Rate, π 
D3S1358 B 8.0 8.3 0.006 
vWA B 7.0 6.9 0.005 
D16S539 B 5.7 5.8 0.00415 
CSF1PO B 5.5 5.5 0.004 
TPOX B 3.5 3.4 0.0025 
D8S1179 G 6.5 6.4 0.0045 
D21S11 G 7.25 7.2 0.00525 
D18S51 G 8.3 8.2 0.006 
D2S441 Y 5.0 5.1 0.0036 
D19S433 Y 6.7 6.7 0.0048 
TH01 Y 2.7 2.8 0.002 
FGA Y 7.5 7.6 0.0054 
D22S1045 R 9.5 9.6 0.0069 
D5S818 R 6.0 5.9 0.0042 
D13S317 R 5.5 5.6 0.004 
D7S820 R 5.5 5.4 0.004 
SE33 R 9.5 9.5 0.0068 
D10S1248 P 7.7 7.7 0.0056 
D1S1656 P 8.0 8.1 0.0057 
D12S391 P 8.3 8.4 0.006 
D2S1338 P 8.3 8.3 0.006 
 
2.2.3 Module 3: CE and genotype assignment 
 Sample separation by CE and the generation of an EPG are simulated in Module 
3.  As described in (29), alleles are randomly assigned to each locus according to the 
Caucasian population statistics listed in (27).  The minimum allele frequency (0.70%) 
was used for alleles that were observed at a low frequency or not detected, as 
recommended by the National Research Council (70).  If a stutter or double-back stutter 
signal is simulated, it is automatically assigned an allele that is one or two repeats shorter 
than the randomly chosen biological allele, respectively.  Once genotypes are assigned, 
the true and stutter amplicons are converted into peak height, in RFU.  To relate amplicon 
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number to fluorescence, the CE sensitivity, α, was determined for each locus from 
experimental data at target masses ranging from 0.0078 to 0.5 ng as described in (29).  
The nominal amplicon number, or total number of amplicons at cycle c (𝑁𝑐), was 
determined using  
𝑁𝑐 =  𝑁𝑜(1 + 𝐸0)
𝑐,    (4) 
where 𝑁𝑜 is the initial concentration or target concentration, and 𝐸0 is the initial PCR 
efficiency.  PCR efficiency was set to 96% as determined by the analysis described in 
(29) and verified with simulations at multiple efficiencies; 27 was used for c since the 
first two cycles of amplification do not create fully formed amplicons resulting in the 
following equation 
                                                 𝑁𝑐 =  𝑁0(1.96)
27.                    (5) 
The nominal amplicon number was the abscissa and the sum of the peak heights 
from the alleles, reverse, double-back, and forward stutter was the ordinate.  The resultant 
slope of the line is the CE sensitivity, α, for the locus.  The CE sensitivity per allele is the 
slope divided by 2, since we assume 2 copies of DNA per cell per locus.  Representative 
graphs for the first locus of each dye channel of the GlobalFiler
TM 
kit are presented in 
Figure 3, which illustrate that, as expected, peak height increases with DNA 
concentration.  The CE sensitivities used throughout this study are summarized in Table 
4.  An examination of the CE sensitivity for each locus indicates that the sensitivity tends 
to increase with each dye channel from blue to purple, except for the yellow dye channel 
which exhibits the lowest CE sensitivity.   
17 
 
 
 
Figure 3.  Plot of the CE Sensitivity for A) D3S1358, B) D8S1179, C) D2S441, D) D22S1045, and E) 
D10S1248 which are representative blue, green, yellow, red, and purple channels, respectively, for 
the laboratory data generated using the methods described in Section 2.1.  The sum peak height is the 
sum of the known alleles, reverse stutter, double-back stutter, and forward stutter.  The nominal 
amplicon number was calculated from the concentration of DNA as per Equation 5.   
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This differs from the findings by Flores et al. who observed the highest peak heights in 
the yellow dye channel (19).  However, their study focused on direct amplification of 
references using the GlobalFiler
TM
 Express Kit at high target mass, which could account 
for the differences in signal observed.   
In addition to the allele and stutter peaks, noise is added to the simulated EPGs in 
Module 3.  Previous studies have shown that noise is detected within a bin position 
approximately 15% of the time and is well classified using a log-normal distribution (29, 
54).  Noise is added to the EPGs as described in (29).  Noise parameters were calculated 
according to the method described in (54); in particular, we note that n – 2 stutter was 
filtered from the noise data along with n – 1, n + 1, and allele signal.  Unlike the STRs of 
the Identifiler multiplexes the GlobalFiler multiplex contains two STR loci that are 
complex in structure (D1S1656 and SE33) and consist of blocks of tetra and di-
nucleotide repeats.  The complex sequences cause exotic stutter products, such as those 
containing half repeat slippages, to be regularly detected (18, 19, 22).  An examination of 
the experimental data showed multiple half-stutter peaks that, when included in the noise 
data, skewed the results for both D1S1656 and SE33.  Thus, for purposes of this study 
this stutter artifact was filtered at these two loci.  Additionally, off-ladder peaks (OL) 
were filtered from the data, since the model only simulates peaks that fall within 
predefined bin positions.  Table 4 gives a summary of the average noise, µnoise, and 
standard deviation of noise, σnoise, calculated for each locus.   
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Table 4.  CE Sensitivity, α, for each locus listed in Table 1 and noise parameters, µnoise and σnoise, used 
in SEEIt.   
Locus Dye CE Sensitivity, α µnoise  σnoise 
D3S1358 B 1.4045E-06 5.4902 10.531 
vWA B 1.0274E-06 4.9023 3.5917 
D16S539 B 1.0655E-06 7.7713 8.5521 
CSF1PO B 1.0665E-06 2.3927 0.3303 
TPOX B 8.4735E-07 4.7984 5.3782 
D8S1179 G 1.6875E-06 25.572 35.453 
D21S11 G 1.2979E-06 3.1043 2.2281 
D18S51 G 1.5715E-06 3.6953 2.9785 
D2S441 Y 1.1414E-06 8.0243 6.0800 
D19S433 Y 9.1735E-07 11.487 24.682 
TH01 Y 9.1385E-07 27.602 34.875 
FGA Y 1.0803E-06 6.1879 6.8153 
D22S1045 R 1.3322E-06 10.594 11.521 
D5S818 R 1.5307E-06 17.770 21.761 
D13S317 R 1.8626E-06 4.4452 4.6635 
D7S820 R 1.5720E-06 15.993 20.885 
SE33 R 1.7382E-06 18.962 28.497 
D10S1248 P 1.6541E-06 11.519 10.751 
D1S1656 P 1.7061E-06 24.860 27.826 
D12S391 P 1.3562E-06 17.788 12.427 
D2S1338 P 1.4408E-06 12.973 21.888 
 
Approximately half of the loci have average noise peak heights equal to or less 
than 10 RFU.  The blue and green dye channels, except for D8S1179, have the lowest 
average noise values; all values are under 8 RFU.  The yellow, red, and purple dye 
channels overall have the highest average noise peaks.  TH01, D8S1179 and D1S1656 
have the largest average noise peak heights of approximately 28, 26 and 25 RFU, 
respectively.   
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Figure 4.  Boxplots of allele heights for heterozygous experimental data (□), and simulated data with 
PCR efficiency, E, at 94% ( ), 95% ( ) and 96% ( ) at 0.0078 ng for locus A) D3S1358, B) D8S1179, 
C) D2S441, D) D22S1045, and E) D10S1248 which are representative blue, green, yellow, red, and 
purple dye channels, respectively.  The simulations were run using the α, 𝝁𝒏𝒐𝒊𝒔𝒆, and 𝝈𝒏𝒐𝒊𝒔𝒆 values in 
Table 4.  The boxes consist of quartiles, the median (-), and the mean (x).  The lines represent the 
minimum and maximum values, and the points are outliers (> 1.5 times the interquartile range).   
A B 
C D 
E 
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Table 2 shows that the PCR efficiency was set to 96% during simulation.  One 
hundred test runs were simulated for target mass of 0.0078 ng at 94, 95, and 96% PCR 
efficiency.  Boxplots of the peak heights obtained from the experimental data and the 
simulations at the three different PCR efficiencies for the first locus of each dye channel 
are presented in Figure 4.   
The experimental data in the blue (A), green (B), yellow (C) and purple (E) dye 
channels has the largest interquartile range when compared to the simulated data.  In each 
color channel the overall peak height range, and the median and mean peak heights 
increases as the PCR efficiency is increased from 94% to 96%.  Visual inspection 
suggests that the median peak height for simulated data at 96% efficiency best matches 
the median peak height in the experimental data, for all dye channels; thus 96% PCR 
efficiency was used for the remainder of this study.  This value is higher than the 82% 
efficiency used in (34) and (71) and the 85% used in (51), but correlates well to the 
median efficiency utilized by Duffy et al.  (29). 
2.3 Comparison of Experimental and Simulated Data 
The double back stutter from simulated data and experimental data at 0.5 ng was 
compared to further justify the stutter slippage success rates, π, and PCR efficiency, E, 
used in the model.  The average peak heights (APH) of the allele and the median double 
back stutter ratios (DBSR) for simulated data and experimental data at 0.5 ng are listed in 
Table 5.  An examination of the data shows consistency between the allele peak heights 
at all loci in experimental and simulated data.  In general, the APH and the median 
DBSRs in the simulated data are slightly lower than the experimental data.  One 
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limitation of the model is that stutter slippage success rates are locus based.  It has been 
demonstrated that stutter slippage rates can be well characterized by allele size and are 
dependent on the longest uninterrupted sequence (LUS) (44, 45) so some variation 
between experimental and simulated values is expected.  However, these differences 
should be kept in mind when interpreting the results.  Table 5 confirms that this in silico 
model is a good approximation of experimental data acquired from the laboratory, and it 
is useful for testing different scenarios and their effects.   
Table 5.  A summary of the allele average peak heights (APH) obtained from experimental (APHexp) 
and simulated (APHsim) data, and the double back stutter ratio median (M) for experimental (DBSR 
Minexp) and simulated (DBSR Minsim) data at a target mass of 0.5 ng.   
Locus Dye 
Allele 
APHexp 
Allele 
APHsim 
DBSR  
Mexp 
DBSR 
Msim 
D3S1358 B 8206 7797 0.44% 0.43% 
vWA B 6039 5752 0.53% 0.37% 
D16S539 B 6572 5980 0.32% 0.37% 
CSF1PO B 6335 6090 0.30% 0.20% 
TPOX B 5047 4732 0.20% 0.37% 
D8S1179 G 9759 9588 0.49% 0.24% 
D21S11 G 7567 7306 0.45% 0.33% 
D18S51 G 9134 8804 0.50% 0.37% 
D2S441 Y 6904 6351 0.36% 0.36% 
D19S433 Y 5349 5088 0.34% 0.37% 
TH01 Y 5560 5361 0.26% 0.05% 
FGA Y 6361 6022 0.49% 0.37% 
D22S1045 R 7714 7475 0.60% 0.37% 
D5S818 R 9049 8575 0.32% 0.36% 
D13S317 R 11146 10737 0.29% 0.15% 
D7S820 R 9201 8956 0.30% 0.19% 
SE33 R 9917 9680 0.35% 0.37% 
D10S1248 P 9650 9295 0.47% 0.36% 
D1S1656 P 9816 9519 0.40% 0.36% 
D12S391 P 7724 7589 0.49% 0.37% 
D2S1338 P 8359 8005 0.47% 0.36% 
 
2.4 Generation of Simulated Data and Analysis 
We simulated 600 DNA mixtures of two contributors at ratios of 1:43 with a 0.3 
ng target and 1:73 with a 0.5ng target using the parameters listed in Table 2 and Table 6.  
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These ratios were chosen because they represent very extreme mixture scenarios where 
there is approximately one cell’s worth of DNA from a minor contributor and 
approximately 43 or 73 cells’ worth of the major contributor.  It is within these extreme 
DNA conditions that DBS from the major would have similar peak heights to alleles from 
the minor.  Two common target quantities of 0.3 and 0.5 ng were evaluated.  A total of 
1200 simulations for each mixture condition were collected. 
Table 6.  Parameters modified for each simulation.   
Simulation Concentration of DNA, 𝝁𝑫𝑵𝑨 (ng/µL) 
Simulation 1 - Minor 0.0068 
Simulation 1 - Major 0.2932 
Simulation 1 - Noise 0.3 
Simulation 2 - Minor 0.0068 
Simulation 2 - Major 0.4932 
Simulation 2 - Noise 0.5 
 
Histograms of the peak heights in each category were generated.  Specifically, we 
focus on signal generated from noise, DBS from the major contributor, and alleles from 
the minor contributor.  A two-sample Kolmogorov-Smirnov (KS) Test was used to 
compare the distributions of noise and double back stutter (72).   
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3. Results and Discussion 
 Mixtures are commonly encountered in forensic casework, and the presence of 
artifacts can lead to uncertainty and increase the difficulty of mixture interpretation (73).  
Interpretation can be further complicated if alleles from the minor contributor are similar 
in size to stutter artifacts from the major (55).  The ABI 3500 Genetic Analyzer has 
become more prevalent in forensic laboratories, and it has been demonstrated that the 
3500 is more sensitive than its predecessor, the 3130 Genetic Analyzer, peak heights 
approximately doubled (17).  Since there is an increase in the allelic signal, an increase in 
the signal of the stutter peaks, and consequently double back stutter peaks, is expected.  
There have been numerous studies characterizing reverse stutter and forward stutter using 
various amplification kits and genetic analyzers for both single-source profiles and 
mixtures (36, 39, 40, 43, 44, 55, 74).  The existence of DBS is known and believed to be 
of low instance, however there is little if any research exploring this artifact (14). 
3.1 Simulated Mixtures 
3.1.1 Signal Obtained from 0.3 ng Target Mixtures 
Simulations to explore the effects of DBS from a major on a 1:43 mixture with a 
high template major and a low template minor with a total target mass of 0.3 ng were 
performed.  Histograms of the peak heights for the first locus of each dye channel of the 
GlobalFiler
TM 
multiplex are depicted in Figure 5.  The signal from noise, DBS from the 
major contributor at approximately 0.29 ng and allele from the minor contributor at 
0.0068 ng are represented as white with black border, gray, and black bars, respectively.   
  
2
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Figure 5.  Frequency of signal from noise (□), double-back stutter ( ) from major contributor (0.29 ng), and minor allele (■) for locus A) 
D3S1358, B) D8S1179, C) D2S441, D) D22S1045, and E) D10S1248 which are representative of the blue, green, yellow, red, and purple dye 
channels, respectively.  Data were simulated for a 1:43 mixture at 0.3 ng using SEEIt.  The Maxallele ranges from 338 to 999 RFU, however the 
max for the charts was set to 150 RFU.   The  represents the minimum allele peak height for one cell’s worth of DNA.   
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Figure 6.  Frequency of signal noise (light gray), major double-back stutter (dark gray), and minor 
allele (black) for locus D3S1358.   
 
The horizontal axes of the graphs in Figure 5 have been truncated at 150 RFU.  
For reference, a graph with the full horizontal axis is shown in Figure 6.  This graph 
illustrates the multi-modal pattern observed in the allele signal at all loci.  Since the focus 
of this study is DBS, all figures are truncated.   
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thus, different loci exhibit different DBS versus noise resolutions.  The D3S1358 locus in 
the blue dye channel shows the largest distance between noise and DBS.   In general, all 
loci have poor resolution between noise and DBS from the major.   
Unlike the noise and DBS distributions the allele distribution has a multi modal 
pattern (Figure 6) similar to those observed previously (29) and the far left mode exhibits 
left-tailing (Figure 5).  As previously mentioned, the minor allele was generated allowing 
for sampling effects and thus the possibility of drop-out.  In addition, noise can fall in 
allele position, which occurs with a 15% probability (54).  If an allele does not survive 
the sampling process, the PCR end-product is zero and there is no peak; but, if the noise 
signal falls within the known allele position the EPG would have a peak.  The symbol ()  
on the horizontal axis in each histogram in Figure 5 represents the minimum peak height 
generated by one DNA copy.  All signal located to the left of the x in the histograms can 
be attributed to noise falling in allele position.  Interestingly, given at least one DNA 
copy survived pre-PCR processing steps, the allele peaks are relatively well resolved 
from the both the noise and DBS from the major.   
The stutter peaks have slightly higher peak heights and are more varied than the 
noise peaks, creating better resolution between noise and allele than DBS from the major 
and allele from the minor.  D10S1248 and D3S1358 show the clearest resolution between 
allele from the minor and noise, and allele from the minor and DBS from the major.  
Generally, the allele signal increases from blue to purple, apart from the yellow dye 
channel that consistently exhibits the lowest peak heights.   
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Table 7 summarizes the mode, minimum, and maximum obtained for noise, DBS 
from the major contributor, and allele signal from the minor contributor for all STR loci.  
The allele mode trends upward as the dye channel moves from blue to purple, excluding 
yellow, which is expected due to the increase in CE sensitivity, α (Table 4).  The peak 
heights of the minor allele in Table 7 show large variability due to the stochastic effects 
of amplifying low-template DNA and stochastic sampling effects, which are both 
included in the model.  The allele distributions for the minor cannot be classified with a 
simple distribution (i.e., normal or log-normal), since the left-tailing of the alleles 
observed in Figure 5 was previously determined to be the result of portions of the alleles 
failing to amplify early in the PCR reaction (75).   
Table 7.  A summary of peak height mode (Mo), minimum (Min), and maximum (Max) for noise (n), 
DBS from the major (DBS) and allele from the minor (a) distributions of data simulated for a 1:43 
mixture at 0.3 ng using SEEIt.   
Locus Dye Mon Minn Maxn MoDBS MinDBS MaxDBS Moa Mina Maxa 
D3S1358 B 5 1 39 19 8 79 105 1 529 
vWA B 6 2 35 11 6 38 81 4 457 
D16S539 B 7 2 42 12 6 39 84 3 488 
CSF1PO B 6 2 29 6 3 30 86 4 502 
TPOX B 6 1 31 9 5 39 68 2 338 
D8S1179 G 12 3 104 13 6 87 136 6 628 
D21S11 G 13 3 43 13 7 59 106 6 469 
D18S51 G 10 3 47 16 8 56 127 6 681 
D2S441 Y 5 1 64 13 7 56 94 1 500 
D19S433 Y 6 1 43 10 6 60 72 1 366 
TH01 Y 6 1 72 1 1 59 74 1 420 
FGA Y 5 1 32 13 5 44 86 2 479 
D22S1045 R 11 3 59 15 8 57 105 4 576 
D5S818 R 9 2 65 18 8 77 126 2 680 
D13S317 R 8 2 46 8 4 44 149 4 893 
D7S820 R 9 2 67 10 5 73 126 2 642 
SE33 R 9 2 88 19 10 77 138 1 740 
D10S1248 P 10 2 145 18 11 72 130 3 999 
D1S1656 P 12 2 106 18 9 84 136 5 758 
D12S391 P 11 2 91 14 8 76 107 4 629 
D2S1338 P 10 2 104 18 8 71 113 6 566 
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The green and purple dye channels have in the highest noise peaks, consistent 
with results obtained by Martin et al. (22).  D8S1179, D10S1248, D1S1656 and D2S1338 
noise distributions display a larger range in comparison to other loci.  For example, 
D8S1179 has noise peaks that range from 3 to 104, while D21S11 has noise peaks that 
range from 3 to 43.  All DBS maximum (𝑀𝑎𝑥𝐷𝐵𝑆) values are below 90 RFU, with the 
highest 𝑀𝑎𝑥𝐷𝐵𝑆 observed at D8S1179 and D1S1656 with peak heights of 87 and 84 
RFU, respectively.  Interestingly, D22S1045, a locus with trinucleotide repeats known to 
have higher stutter rates (18), has DBS stutter consistent with the other loci.   
The results of the two-sample KS test are summarized in Table 8.  The cumulative 
distribution function (CDF) plots for all loci show two separate curves where the 
cumulative frequency increases rapidly with most of the data clustered to the left of the 
graph, and then levels off or plateaus as it increases in RFU value.  A representative CDF 
plot is shown in Figure 7.  The shape of the curves is a sign of a non-normal distribution 
and appears to mimic a log-normal distribution.  The p-values listed in Table 8 are close 
or equal to 0 for all loci.  Since the values are all less than 0.05 the hypothesis that the 
two samples come from the same distribution is rejected.  In other words, the distribution 
of the noise and the DBS from the major are significantly different.  This is visually 
confirmed by examining the data in Figure 5.  Even D8S1179, which appears to have the 
most overlap, shows a p-value of 0.   
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Table 8.  Results from KS Test comparing noise and stutter signal distributions for 0.3 ng mixtures.   
Locus Dye p-value 
D3S1358 B 0 
vWA B 0 
D16S539 B 0 
CSF1PO B 4x10
-6 
TPOX B 0 
D8S1179 G 0 
D21S11 G 0 
D18S51 G 0 
D2S441 Y 0 
D19S433 Y 0 
TH01 Y 0 
FGA Y 0 
D22S1045 R 0 
D5S818 R 0 
D13S317 R 3x10
-6
 
D7S820 R 0 
SE33 R 0 
D10S1248 P 0 
D1S1656 P 0 
D12S391 P 0 
D2S1338 P 0 
 
 
Figure 7.  Cumulative distribution function plot from two-sample KS test (72), showing the 
cumulative frequency for the noise (Series 1) in red and the DBS from the major (Series 2) in green 
for locus D3S1358.   
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The average peak height (APH) and average SR for DBS at each locus are listed 
in Table 9.  The APH of DBS ranges from 4 to 23 RFU, and the average SR ranges from 
0.12 to 0.47%.  Experimental data was used to determine an AT for each locus using the 
method described by Monich et al. (54) with k-values of 3 and 4, and filtering forward, 
reverse and double-back stutter, as well as allele and OL signal.  The resulting ATs are 
listed in Table 9.  The k-value is chosen based on the Type I risk assessment.  Therefore, 
a large k-value will result in a high AT that will coincide with a small chance that noise 
will be detected.  For example, the AT for D3S1358 changes from 47 to 87 when k is 
increased from 3 to 4, respectively.  The percentages of the DBS from the major that 
exhibited signal greater than the AT for each locus are listed in Table 9.   
Table 9.  List of DBS from major average peak heights (APH), average DBS SR, analytical 
thresholds (AT) calculated with a k-value of 3 and 4 and the percentage of DBS peaks that are 
greater than AT (DBS > AT) for 0.3 ng simulated data.   
 
Locus Dye 
DBS 
APH 
Average 
DBS SR 
AT 
k=3 
DBS > AT 
AT 
k=4 
DBS > AT 
D3S1358 B 22 0.47% 47 0.67% 87 0.00% 
vWA B 14 0.40% 29 0.75% 46 0.00% 
D16S539 B 14 0.41% 23 6.08% 35 0.25% 
CSF1PO B 8 0.23% 17 3.25% 22 0.58% 
TPOX B 12 0.40% 32 0.25% 51 0.00% 
D8S1179 G 17 0.30% 101 0.00% 181 0.00% 
D21S11 G 16 0.37% 35 1.58% 50 0.08% 
D18S51 G 21 0.40% 32 7.08% 43 1.08% 
D2S441 Y 15 0.41% 44 0.58% 81 0.00% 
D19S433 Y 12 0.40% 29 0.75% 49 0.17% 
TH01 Y 4 0.12% 38 1.00% 67 0.00% 
FGA Y 14 0.39% 30 1.00% 50 0.00% 
D22S1045 R 18 0.40% 37 2.08% 54 0.08% 
D5S818 R 21 0.42% 48 1.92% 76 0.08% 
D13S317 R 11 0.18% 36 0.25% 55 0.00% 
D7S820 R 13 0.24% 50 0.92% 86 0.00% 
SE33 R 23 0.47% 64 0.08% 113 0.00% 
D10S1248 P 23 0.41% 45 2.92% 68 0.08% 
D1S1656 P 23 0.46% 85 0.00% 154 0.00% 
D12S391 P 19 0.41% 68 0.17% 114 0.00% 
D2S1338 P 20 0.41% 47 1.17% 75 0.00% 
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When a k-value of 3 is used, 19 loci have DBS from the major greater than the 
AT.  The percentage of DBS peaks that fall above AT ranges from 0.17 to 7.08%, 
wherein half of the loci show at least 1% greater than AT.  However, when a k-value of 4 
is used, the number of DBS peaks greater than AT drastically reduces; only 8 loci have 
DBS greater than AT.  The percentage range falls to 0.08 to 1.08%, with the majority at 
or below 0.25%.  It should be noted that the increase in AT would also cause an increase 
in drop-out of the minor contributor, which is expected in low-template samples, and is 
one of the common trade-offs in forensic DNA analysis.   
The simulations show that these laboratory parameters, i.e. a target mass of 0.3 ng 
amplified at 29 cycles with the GlobalFiler
TM
 Kit and separated with a 25 s 1.2 kV 
injection on an ABI 3500 Genetic Analyzer, are not sensitive enough to distinguish 
between noise and DBS from a major at a 1:43 mixture ratio.  However, DBS does not 
appear to fall in the same signal range as one cell’s worth of DNA from a minor 
contributor.  Although it cannot be distinguished from noise, the double back stutter from 
the major may occasionally fall above AT, depending on the calculation method, 
minimally affecting mixture interpretation.   
3.1.2 Signal Obtained from 0.5 ng Target Mixtures 
Simulations to explore the effects of DBS from a major on a 1:73 mixture with a 
high template major and a low template minor with a total target mass of 0.5 ng were 
performed.  This ratio represents the most extreme scenario using our current laboratory 
protocols with approximately one cell from a minor contributor in combination with a 
major contributor at our maximum target.   
  
3
3
 
   
    
 
Figure 8.  Frequency of signal noise (□), double-back stutter ( ) from major contributor (0.49 ng), and minor allele (■) for locus A) D3S1358, B) 
D8S1179, C) D2S441, D) D22S1045, and E) D10S1248 which are representative blue, green, yellow, red, and purple channels, respectively.  
Data was simulated for a 1:73 mixture at 0.5 ng using SEEIt.  The Maxallele ranges from 335 RFU to 792 RFU, however the max for the charts 
was set to 150 RFU.  The x represents the minimum allele peak height for one cell’s worth of DNA. 
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DBS would most likely have a similar peak height to alleles from the minor in this range.   
Histograms of the peak heights for the first locus of each dye channel of the 
GlobalFiler
TM 
kit showing the distributions of the peak heights for the simulated data are 
shown in Figure 8.  The signal from noise, DBS from the major contributor at 
approximately 0.49 ng and allele from the minor contributor at 0.0078 ng are represented 
as white with black border, gray, and black bars, respectively.  Again, the horizontal axes 
of the graphs in Figure 8 have truncated at 150 RFU.  A representative graph with the full 
horizontal axis is shown in Figure 9.  This graph illustrates the multi-modal pattern 
observed in the allele signal at all loci consistent with the results from 0.3 ng.  As 
previously mentioned, since the focus of this study is DBS all graphs were zoomed to 
better observe these data.   
 
Figure 9.  Frequency of signal noise (light gray), major double-back stutter (dark gray), and minor 
allele (black) for locus D3S1358.   
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In Figure 8 the noise has a distinct mode and the distribution again exhibits right-
tailing consistent with the results detailed in (54) and (29).  The DBS has a distinct mode 
and the distribution still exhibits right-tailing as seen with the 0.3 ng mixtures.  The noise 
and double back stutter modes are still relatively close.  There was a right shift and 
widening of the noise signal which is most apparent in Figure 8B, caused by the increase 
in target mass.  It is noteworthy that the increase in DNA mass has also caused the DBS 
distribution to shift right creating more distance between the noise and DBS from the 
major.   
The increase in target mass caused an increase in allele peak height for the major, 
consequently increasing the DBS peak heights.  Although the resolution has improved, all 
loci still have poor resolution between noise and DBS from the major contributor.  No 
change was observed in the allele distribution from the minor; which was expected since 
although the target mass of the major was increased, the minor was kept constant.  The 
allele signal still exhibits left-tailing and a multi-modal pattern as seen in the 0.3 ng 
simulations.  The x in each histogram in Figure 8 represents the minimum peak height 
generated by one DNA copy.  All signal located to the left of the x in the histograms can 
be attributed to noise.  Most allele peaks are relatively well resolved from noise and DBS.  
Resembling the 0.3 ng histograms, the allele signal again increases from blue to purple, 
apart from the yellow dye channel that consistently shows the lowest peak heights.   
Table 10 summarizes the mode, minimum, and maximum obtained for noise, 
DBS, and allele signal from the minor contributor for all STR loci.  The allele mode 
trends upward as the dye channel moves from blue to purple, excluding yellow, due to 
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the increase in CE sensitivity, α (Table 4).  The green, red, and purple dye channels have 
similar noise modes, which is consistent with the trends observed in the 0.3 ng data.  
More than half of the loci have maximum noise values under 100 RFU.  D8S1179 and 
D1S1656 have the largest noise values of 233 and 222, respectively, which is expected 
given their high µnoise values.    
Table 10.  A summary of peak height mode (Mo), minimum (Min), and maximum (Max) for noise 
(n), stutter (DBS), and allele (a) distributions of data simulated for a 1:73 mixture at 0.5 ng using 
SEEIt.   
Locus Dye Mon Minn Maxn MoDBS MinDBS MaxDBS Moa Mina Maxa 
D3S1358 B 6 1 53 32 18 118 109 2 605 
vWA B 7 2 46 19 12 44 82 3 443 
D16S539 B 7 2 43 20 10 56 82 2 468 
CSF1PO B 7 3 24 11 6 35 86 3 513 
TPOX B 6 2 42 16 9 44 65 2 335 
D8S1179 G 9 2 233 22 14 142 134 3 667 
D21S11 G 12 4 44 23 13 58 103 6 672 
D18S51 G 11 4 47 30 18 74 127 5 679 
D2S441 Y 8 1 76 20 12 96 91 2 518 
D19S433 Y 6 2 98 18 10 129 74 1 502 
TH01 Y 6 1 117 2 1 60 77 4 366 
FGA Y 5 1 49 20 10 65 87 3 420 
D22S1045 R 9 3 85 27 15 71 105 4 711 
D5S818 R 12 3 78 32 17 79 120 3 635 
D13S317 R 11 3 55 14 8 60 147 4 776 
D7S820 R 9 2 143 17 9 69 128 4 626 
SE33 R 6 1 132 35 21 100 140 1 792 
D10S1248 P 11 4 68 31 18 95 130 4 787 
D1S1656 P 13 2 222 33 19 115 136 2 766 
D12S391 P 16 3 128 27 15 75 105 4 534 
D2S1338 P 7 2 110 28 17 95 114 3 584 
 
In general, the peak heights of the minor allele in Table 10 consistently show 
large variability due to the stochastic effects of amplifying low-template DNA.  The 
allele distributions for the minor cannot be classified with a simple distribution, as 
described in Section 3.1.1.   
Overall, both the mode and range of DBS increased when the total DNA target 
was changed to 0.5 ng.  The DBS maximum (MaxDBS) range from 35 to 142 RFU, with 
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most values under 100 RFU.  D8S1179 and D19S433 have the largest MaxDBS values of 
142 and 129, respectively.  TH01 consistently has the lowest DBS peak heights at both 
0.3 ng and 0.5 ng.   
Table 11.  Results from KS Test comparing noise and stutter signal distributions for 0.5 ng mixtures.   
Locus Dye p-value 
D3S1358 B 0 
vWA B 0 
D16S539 B 0 
CSF1PO B 0 
TPOX B 0 
D8S1179 G 0 
D21S11 G 0 
D18S51 G 0 
D2S441 Y 0 
D19S433 Y 0 
TH01 Y 0 
FGA Y 0 
D22S1045 R 0 
D5S818 R 0 
D13S317 R 0 
D7S820 R 0 
SE33 R 0 
D10S1248 P 0 
D1S1656 P 0 
D12S391 P 0 
D2S1338 P 0 
 
Table 11 summarizes the results from the two-sample KS test.  The CDF plots for 
all loci show two curves where the cumulative frequency increases rapidly with most of 
the data clustered to the left of the graph, and then levels off as it increases in RFU.  A 
representative CDF plot is shown in Figure 10.  This is consistent with the results 
observed for the 0.3 ng data however the separation between the two series have 
increased, but still appears to mimic a log-normal distribution.  The p-values for all loci 
are equal to 0.  Since the values are all less than 0.05 the hypothesis that the two samples 
come from the same distribution is rejected.  In other words, the distribution of the noise 
and the DBS from the major are not similar.  This can be confirmed by examining the 
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data in Figure 8 which demonstrates that D8S1179, the locus exhibiting the highest 
degree of overlap between noise and DBS from the major), has a p-value of 0.   
 
Figure 10.  Cumulative distribution function plot from the two-sample KS test (72), showing the 
cumulative frequency for the noise (Series 1) in red and the DBS from the major (Series 2) in green 
for locus D3S1358. 
 
The average peak height (APH) and average SR for DBS from the major at each 
locus are listed in Table 12.  All loci are below 50 RFU and 0.5%, respectively.  
Experimental data was used to determine an AT for each locus using the method 
described in Section 3.1.1.  The percentage of DBS peaks from the major greater than the 
AT are listed in Table 12 for each locus.  When a k-value of 3 is used, 13 loci have DBS 
peaks that fall above the AT ranging from 0.08 to 10.50%.  With a k-value of 4, the 
number of DBS peaks greater than AT is drastically reduced; only 3 loci have DBS 
greater than AT.  The percentage of DBS above AT decreases to 0.08 to 0.17%.  It should 
be noted that, again, this would cause an increase in drop-out of the minor contributor, 
 39 
which is expected in low-template samples and is one of the common trade-offs in 
forensic DNA analysis.  This helps illustrate that DBS may occasionally cross the AT, 
depending on the calculation method, minimally affecting mixture interpretation.   
Table 12.  List of DBS from major average peak heights (APH), average DBS SR, analytical 
thresholds (AT) calculated with a k-value of 3 and 4 and the percentage of DBS peaks that are 
greater than AT for 0.5 ng simulated data.   
Locus Dye 
DBS 
APH 
Average 
DBS SR 
AT 
k=3 
DBS > AT 
AT 
k=4 
DBS > AT 
D3S1358 B 35 0.45% 43 10.50% 74 0.17% 
vWA B 22 0.38% 35 2.17% 57 0.00% 
D16S539 B 23 0.39% 45 0.75% 74 0.00% 
CSF1PO B 13 0.22% 26 0.92% 39 0.00% 
TPOX B 18 0.39% 34 0.67% 55 0.00% 
D8S1179 G 26 0.28% 166 0.00% 337 0.00% 
D21S11 G 26 0.36% 47 1.50% 72 0.00% 
D18S51 G 34 0.39% 46 8.08% 70 0.17% 
D2S441 Y 24 0.38% 70 0.08% 139 0.00% 
D19S433 Y 20 0.40% 65 0.25% 127 0.08% 
TH01 Y 4 0.08% 174 0.00% 404 0.00% 
FGA Y 23 0.38% 38 0.75% 65 0.00% 
D22S1045 R 29 0.39% 66 0.25% 111 0.00% 
D5S818 R 33 0.39% 97 0.00% 182 0.00% 
D13S317 R 17 0.16% 42 0.25% 66 0.00% 
D7S820 R 19 0.22% 103 0.00% 198 0.00% 
SE33 R 38 0.39% 115 0.00% 232 0.00% 
D10S1248 P 36 0.39% 75 0.42% 127 0.00% 
D1S1656 P 38 0.40% 179 0.00% 383 0.00% 
D12S391 P 30 0.40% 101 0.00% 183 0.00% 
D2S1338 P 46 0.39% 97 0.00% 189 0.00% 
 
Gill found that reverse stutter can compromise mixtures, since alleles from the 
minor can be present at peak heights similar to reverse stutter from the major.  For this 
reason, he suggested that it was important to model reverse stutter (34).  On rare 
occasions, double back stutter may be larger than the AT in high template samples with 
major and minor contributors and the possibility that the signal is from an allele may 
need to be considered.  If the AT is decreased, the rate of DBS detection increases.  
Therefore, careful consideration of the SEP is required during validation in order to 
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determine if N-2 positions should be kept in the noise category during validation.  There 
is no clear indication whether it should be filtered from the noise set during validation.  
Although SWGDAM states that the AT should not be used to manage artifacts (76), in 
general DBS, even in the most extreme cases, is not completely resolved from the noise 
signal.  This perhaps justifies its inclusion in the noise category during validation or AT 
studies.  However, laboratories should examine DBS during the validation process to 
determine if it is significantly different from noise and examine its resolution from allele 
and noise.     
If DBS is studied more comprehensively and it is found to be prevalent in 
protocols commonly used in forensic DNA analysis, and its presence impacts mixture 
interpretation, modeling DBS will be a necessity.  It may also become increasingly 
important in the testing of trace DNA samples where mixtures and low levels of a minor 
or contamination are often present, especially considering the increasing sensitivity of CE 
platforms.  In addition, since the distributions of noise and DBS are significantly 
different, modeling DBS may improve accuracy and probabilities when using continuous 
systems that do not utilize an analytical threshold (77, 78).  Currently DBS is not 
modeled in all continuous systems.  It has, however, been suggested that DBS be 
manually removed from samples or marked as ambiguous peaks (14) until it can be 
modeled appropriately.  Interestingly, if α is chosen carefully, the allelic peak height of 
an efficiently amplified copy of DNA can effectively be distinguished from DBS (14).   
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4.  Conclusions 
 Previous studies have shown that it is possible to get DNA results from one cell 
(3, 79), and that in low-template samples stutter can have peak heights similar in size or 
even larger than the true allele peak.  Stutter is a well-known STR amplification artifact 
and the effects of reverse stutter and forward stutter have been studied and extensively 
characterized (36, 39, 40, 42, 44-46, 55, 74).  Despite the numerous studies and 
publications on n – 1 and n + 1 stutter, and the fact that double back stutter has been 
documented (80) in the literature, DBS is not currently included in most continuous 
models and its effects on downstream interpretation or upstream validation protocols 
have not been extensively studied (47, 53).  This study, therefore, focused on accessing 
the peak height distributions of noise, DBS and allelic peaks from two minor:major 
mixture scenarios in an attempt to elucidate if 1) DBS signal can be distinguished from 
noise and 2) DBS is significantly different from allele signal obtained from a single 
amplified copy of DNA.  We find that DBS from major contributors are significantly 
different from noise and is well resolved from allele signal.  These findings have 
implications for operational laboratories engaged in AT determinations or researchers and 
developers engaged in developing tools that do not utilize signal thresholds (77, 78, 81).  
In general, we show that when α is large the signal from DBS, though not fully resolved 
is distinct from the noise signal, suggesting a careful evaluation of signal in the n – 2 
stutter position is necessary when a contributor comprises a majority of the signal 
intensity.   
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